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Abstract Direct simulation of 3-D MHD (magnetohydrodynamics) ﬂows in liquid metal fusion
blanket with ﬂow channel insert (FCI) has been conducted. Two kinds of pressure equilibrium slot
(PES) in FCI, which are used to balance the pressure diﬀerence between the inside and outside of
FCI, are considered with a slot in Hartmann wall or a slot in side wall, respectively. The velocity and
pressure distribution of FCI made of SiC/SiCf are numerically studied to illustrate the 3-D MHD ﬂow
eﬀects, which clearly show that the ﬂows in fusion blanket with FCI are typical three-dimensional
issues and the assumption of 2-D fully developed ﬂows is not the real physical problem of the MHD
ﬂows in dual-coolant liquid metal fusion blanket. The optimum opening location of PES has been
analyzed based on the 3-D pressure and velocity distributions. c© 2011 The Chinese Society of
Theoretical and Applied Mechanics. [doi:10.1063/2.1101206]
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As a key part for energy transfer of a fusion reac-
tor, DCLL (dual-coolant lithium lead) and DFLL (dual
function lithium lead) liquid breeder blankets have been
explored extensively in the US[1,2] and in China[3], re-
spectively. The DCLL or DFLL blanket uses the eutec-
tic alloy Pb-17Li as the coolant as well as the breeding
material[1,3]. It’s necessary for one to know the char-
acteristics of MHD ﬂows at high Hartmann numbers,
such as the high MHD pressure drop and eﬀects on
ﬂow proﬁles, to design such liquid metal based blan-
kets for fusion reactors. In the Pb-17Li liquid breeder
blanket, the reaction of neutrons and lithium acts as a
non-uniform huge heat source and releases great heat.
Restricted by the material properties, the temperature
of the blanket wall surfaces can’t be too high. But high
energy transfer eﬃciency requires a high outlet temper-
ature of liquid metal of Pb-17Li. To solve this contra-
diction, the concept of ﬂow channel inserts (FCIs) made
of SiC/SiCf is introduced
[4]. FCIs act not only as an
electrical insulator to decouple the Pb-17Li bulk ﬂow
from the current closure path in the walls but also as
a thermal insulator between the high temperature liq-
uid metal and He-cooled ferritic walls. FCIs can reduce
MHD pressure and maximize the exit temperature. To
reduce the pressure diﬀerence between two sides of the
FCI wall, pressure equilibrium slots (PES) or pressure
equilibrium holes (PEH) are considered to balance the
pressure diﬀerence between the inside and outside of the
FCI.
Direct simulation of 3-D MHD ﬂows relevant to liq-
uid metal fusion blankets at high Hartmann number
is always a diﬃcult issue. Currently, MHD analysis
in FCI is mainly conducted by using a model of 2-D
fully developed ﬂow[5,6], in which the pressure gradient
along the ﬂow direction is assumed to be a constant.
Based on electrical potential formula, Ni et al. [7,8] de-
veloped a consistent and conservative scheme on a rect-
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angular and an arbitrary collocated mesh, which can
conserve the charge and the momentum. This scheme
has been used to simulate MHD ﬂows relevant to the
R&D of liquid metal fusion blankets [9–14] with unique
or multi-directional applied magnetic ﬁeld at high Hart-
mann numbers with good accuracy. A direct simula-
tion of MHD ﬂow in the liquid metal fusion blanket
is conducted to study the distribution of pressure and
velocity inﬂuenced by diﬀerent FCI structure. Consid-
ering laminar ﬂows of liquid metal GaInSn through a
straight rectangular channel in a transverse strong uni-
form magnetic ﬁeld, the sketch of the blanket channel
with FCI is shown in Fig. 1. Liquid metal ﬂows along
x direction. The magnetic ﬁeld strength is 1.852T and
the velocity of metal liquid inlet is 0.067 5m/s. The
geometry and ﬂow parameters are similar to the experi-
ments conducted by Xu et al..[15] for FCI. The thickness
of the Hartmann layers perpendicular to the magnetic
ﬁeld is very thin and scales with Ha−1, 3 ∼ 5 grids
are required inside the Hartmann layer. The side layers
parallel to the magnetic ﬁeld scale with Ha−
1
2 and are
much thicker than the Hartmann layers at high Hart-
mann numbers and 5 ∼ 7 grids are required in the side
layer to guarantee high accuracy.
Velocity contours at y − z cross-section of FCIs in
blanket channels with PES opened in Hartmann walls
and side walls are shown in Fig. 2, repectively. With a
PES in the side wall or PESs in the side walls, strongly
reversed velocities in the PES or PESs are generated as
seen in Fig. 2(c) and 2(d). With a PES in the Hartmann
wall or PESs in the Hartmann walls, there is no reversed
velocity in the PES but weak velocity jumps occur along
each Hartmann wall as seen in Fig. 2(a) and (b).
MHD pressure drop inside FCI along ﬂow direction
is shown in Fig. 3(a). With insulated FCI, the pressure
drop can be greatly reduced[13] with a non-dimensional
pressure drop of −0.017. With a PES opened at a
FCI wall, MHD pressure drop will be increased com-
paring with the case of FCI without PES. In the case
with one slot opened in a Hartmann wall, the pressure
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(a) PES in side wall
(b) PES in Hartmann wall
Fig. 1. Sketch of the blanket channel with FCI: (1) Reduced
Activation Ferritic Steel (RAFS) wall (0.002m); (2) Flow
Channel Insert (FCI) (0.002m); (3) Pressure Equalization
Slot (PES) (0.003m) (4) Gap with Pb-17Li (0.002m); (5)
Pb-17Li ﬂow in the central channel
drops are increased to −0.045. With two slots symmet-
rically opened in Hartmann walls, the pressure drop is
increased with value of −0.058. In the case with one
slot at a side wall, the pressure drop is −0.077, which
is even higher than the two PESs at Hartmann walls.
With two slots symmetrically opened in the side walls,
the pressure drop is −0.221, which is much higher than
the other cases. As illustrated in Ref. [13] the pressure
drop for liquid metal blanket without FCI is −0.548.
For a liquid metal fusion blanket with FCI, the ﬂow
is a typical 3-D ﬂows.[13] As illustrated in Fig. 3(b),
the pressure distributions along the ﬂow direction at the
center and in the slot of the same cross-section are very
diﬀerent. The x-component of pressure gradient is non-
uniformly distributed in a cross-section. There are two
ﬂow regions from the pressure distributions shown in
Fig. 3(a) and Fig. 3(b). The pressure gradient is a func-
tion of (x, y, z) near the inlet, which gradually changed
at the ﬂow direction. Downstream around 4 − 5 times
the ﬂow channel width, the x-component of pressure
gradients is just a function of (y, z), which is constant
along the ﬂow direction. For a blanket channel without
FCI, the second region is a typical 2-D fully developed
(a) a slot in Hartmann wall
(b) two slots in Hartmann walls
(c) a slot in Side wall
(d) two slots in Side walls
Fig. 2. Velocity contours at the cross section perpendicular
to ﬂow direction
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(a) at the center of a cross-section
(b) at the center and at slot
Fig. 3. Non-dimensional pressure distributions along the
ﬂow direction for diﬀerent structures of FCI
ﬂow. However, the 2-D fully developed assumption in
Refs. [5,16] is not the real case of MHD ﬂows in FCI.
To understand the MHD eﬀect on the pressure drop and
velocity distribution of liquid metal fusion blanket with
FCI, one must conduct fully three-dimensional analysis.
With the pressure at the outlet ﬁxed at zero, the
pressure contours at a y − z cross-section of FCIs in
blanket channels with PESs at diﬀerent positions are
shown in Fig. 4. With one PES in a Hartmann wall,
pressure has a minimum value at the PES, and there is
a large pressure diﬀerence between the inside and out-
side of the FCI as shown in Fig. 4(a). With two PESs
in Hartmann walls, compared with the case of one PES
in Hartmann wall, pressure decreases outside FCI and
increases inside FCI, and the diﬀerence between the in-
side and outside of FCI becomes small, pressure still
has a minimum value at PESs, as shown in Fig. 4(b).
(a) a slot in Hartmann wall
(b) two slots in Hartmann walls
(c) a slot in Side wall
(d) two slots in Side walls
Fig. 4. Pressure contour at the cross section perpendicular
to ﬂow direction
With one PES in side wall, the pressure almost keeps
invariant outside the FCI along the y direction; pressure
decreases linearly outside the FCI along the z direction
and increases linearly inside the FCI along the z direc-
tion, as shown in Fig. 4(c). With two PESs at side
walls, the pressure can be best balanced between the
inside and outside of the FCI, as shown in Fig. 4(d).
Pressure between the inside and outside of the FCI with
two PESs at side walls almost keeps the same.
The detail data of pressure distribution can be il-
lustrated in Fig. 5. As shown in Fig. 5(a), the pressure
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diﬀerence between two sides of FCI along y = 0 line is
as much as 1957.8% without PES. Here the pressure dif-
ference is deﬁned as Rp = (Pgap−Pcore)/Pcore with Pgap
denoting the pressure inside the gap and Pcore denoting
the pressure at the core inside FCI. With one PES in
a Hartmann wall, the pressure diﬀerence between two
sides of the FCI is Rp=119.6%; with two PESs in the
Hartmann walls, the pressure diﬀerence between two
sides of the FCI is Rp=44.1%. We can see from above
that along the direction perpendicular to magnetic ﬁeld
PES can balance the pressure well, and two PESs even
better.
(a) along y = 0 with PES in Hartmann wall
(b) along y = 0 with PES in side wall
Fig. 5. Pressure distribution at y − z cross section with
magnetic ﬁeld applied at y-direction
From Fig. 5(b) for the case with one PES in a side
wall along line y = 0, pressure diﬀerence is Rp=39.3%
near the side wall with the PES; the pressure diﬀerence
is Rp=217.8% near the side wall without a PES. With
two PESs at the side walls, along line y = 0, the pres-
sures between the inside and outside of the FCI almost
keep the same value.
A 3-D direct simulation of MHD ﬂows in a liquid
metal fusion blanket with ﬂow channel inserts has been
conducted using a consistent and conservative scheme.
The numerical results show that: (1) the ﬂows in a
liquid metal fusion blanket with FCI are typical 3-D
ﬂows with the x−component of pressure gradient non-
uniformly distributed in a cross-section; (2) the slot
opened in the FCI wall can eﬀectively balance the pres-
sure diﬀerence between the inside and outside of the
FCI; (3) with one slot opened, the maximum pressure
diﬀerence of 119.6% for PES on a Hartmann wall is
much smaller than the diﬀerence of 217.8% for PES on
a side wall; (4) the slots opened in Hartmann walls can
still greatly reduce the MHD pressure drop comparing
with the case with one slot or two slots opened in side
walls; (5) there exists strong reverse velocity in slots on
side walls, which may induce unsteady ﬂows of MHD at
strong applied magnetic ﬁeld; there is no reverse veloc-
ity on slots in Hartmann walls, while a weak velocity
jump is formed around slots. Therefore, slot or slots in
Hartmann wall(s) can eﬀectively balance the pressure
diﬀerence between the two sides of a ﬂow channel insert
and can greatly reduce the MHD pressure drop, which
can be recommended for the structure design of ﬂow
channel inserts.
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